Giant magnetostrictive element has an advantage in excitation force at high frequencies, but has a weakness in the ability to produce vibration power at low frequencies. The purpose of this paper is to develop a new vibration actuator with improved characteristics at low frequencies by using electromagnetic force to assist the magnetostrictive element. A prototype of the actuator is designed and fabricated. The characteristics of the actuator are measured. The results of measured acceleration or force show an efficient excitation at high frequencies due to magnetostrictive element. It is also shown that the electromagnetic force improves the characteristics at low frequencies where the acceleration amplitude is flat at frequencies below 1kHz. It is confirmed that the magnetostrictive force and electromagnetic force are cooperatively working in this actuator. In addition, the actuator has an advantage in easiness of attachment to or removal from the wall because it sticks to the wall with magnetic force derived from the magnet equipped to produce bias magnetic flux in the magnetostrictive element. This allows flexible location selection of actuators when the actuators are used for vibration control.
Introduction
Vibration actuators have been used in various applications including active vibration control (1) , (2) . Piezoelectric element has been used for vibration actuators. Recently, giant magnetostrictive element has been developed and has drawn attention in the application to vibration actuators. The giant magnetostrictive element produces displacement proportional to the magnitude of applied magnetic flux (unconcerned about the direction of the magnetic flux). To obtain the expansion and contract strain and the linearity of the strain, the giant magnetostrictive element also needs applying the bias magnetic flux. The primary components of the giant magnetostrictive actuator consist of a cylindrical giant magnetostrictive rod, a wound solenoid coil to provide the signal magnetic flux density, and the permanent magnet to provide the bias magnetic flux density. There have been a number of proposals of such actuators (3) , (4) . The advantage of this element is the high performance in high frequency region, while it has a problem of rather poor performance at low frequencies because of small amplitude of displacement. It is known that the displacement of magnetostrictive element is proportional to magnetic flux density, resulting in the frequency characteristics of force or acceleration proportional to the square of the frequency. This is the reason why magnetostrictive element is poor in excitation of low frequency vibration or sound. In contrast electromagnetic force is directly proportional to magnetic flux density. Thus it is expected that electromagnetic force could be cooperatively used at low frequencies to assist the performance of magnetostrictive element at low frequencies. This paper proposes a new design of vibration actuator based on magnetostrictive element with the assistance of electromagnetic force to enhance the characteristics at low frequencies.
The vibration actuators are usually attached to the walls to be excited. Jigs are used for this purpose (5) . However, it is not convenient to fix the actuator on the wall with a jig. The proposed actuator has an advantage of easy attachment to the wall with the magnetic force which is derived from the permanent magnet for providing the magnetostrictive element with bias magnetic flux. The characteristics of the proposed actuator are examined with an experimental setup to understand how the actuator works.
Concept of proposed actuator
The structure of proposed actuator is shown in Figs.1 and 2 . The actuator consists of a cylindrical giant magnetostrictive rod, a solenoid coil around it (Coil 2), a double cylindrical iron case, a solenoid coil in the case (Coil 1), a permanent magnet, and an elastic rubber sheet. The giant magnetostrictive element is made of the terfenol-D (Tb .34 Dy .66 Fe 1.9 , PMT-1 TDK CORP. JAPAN). This element has a diameter of 6.9 mm and a height of 20 mm. The permanent magnet is attached on the bottom of the giant magnetostrictive rod to provide the rod with a bias magnetic field. Coil 1 is wound 250 turns around internal iron cylinder (see Fig. 2 ). Coil 2 is wound 300 turns around the magnetostrictive rod. These coils are connected in series to be fed with the signal current. The elastic rubber sheet is placed between the iron case and the acrylic plate. In this prototype actuator, the double-cylindrical case has a 1.5 mm thickness. The internal cylinder has a diameter of 32 mm. The overall dimensions of the actuator are 60 mm in diameter and 49 mm in height. The mass of this actuator is 295 g. The actuator is driven by the alternating signal current fed to the coils. When a signal current is fed to the coils, magnetic flux is generated as follows. Coils 1 and 2 generate fluxes represented by solid arrows in Fig.3 . The magnetic fluxes generated by Coil 2 go through the magnetostrictive rod. These fluxes drive the rod with magnetostrictive force in the presence of bias magnetic field in the rod provided by the magnet (dotted arrow). In this figure the direction of magnetostrictive force is described as F 1 in Fig. 3 .
In addition to the magnetostrictive force, electromagnetic force (F 2 , F 3 ) also works in this actuator. A repulsive force is generated between magnet and internal iron cylinder. The direction of electromagnetic force is the same as the magnetostrictive force. Then these two forces assist each other to work as an actuator. An elastic rubber sheet is inserted between iron case and acrylic plate. This allows displacement of the mass due to the forces between the actuator and the vibrating structure (load). This structure is necessary to achieve vibration excitation by electromagnetic forces. It is expected that this improves the excitation characteristics in the low frequency region, where the magnetostrictive element does not excite vibration efficiently.
It is noted that the proposed actuator has an advantage in the easiness of attachment to the wall to be excited. The magnetic flux density penetrates through the load. This structure makes the actuator attached by the magnetic force to the wall if the wall is made of magnetic material.
Evaluations of proposed actuator

Experimental setup
The characteristics of the proposed actuator are examined on an experimental setup. The actuator is settled on a clamped iron plate of 380 mm in diameter with 1 mm thickness. The actuator is attached at the center of the plate. The plate is clumped on a heavy metal box stiffly. The acceleration of the plate is measured with an accelerometer A1 (NP-2910 ONOSOKKI CORP. JAPAN) on the plate at 50 mm from the center. The acceleration of the actuator is measured by another accelerometer A2 (the same accelerometer as A1) attached on the top of the actuator. The experimental settings are shown in Fig. 4 . Signal processing is performed by using a computer with AD/DA converter. 
Evaluation of the effect of giant magnetostrictive element
In order to examine the effect of giant magnetostrictive element, we made a comparison of characteristics between the actuator and an actuator with the same structure but with an acrylic rod instead of giant magnetostrictive rod.
The actuator is driven by Gaussian noise sequence at a sampling rate of 40 kHz. The frequency characteristics of accelerations are obtained by the Fourier Transform of the measured signals. The results are normalized to the 1 ampere input signal amplitude. Figure 5 shows the acceleration of the clamped plate measured by the sensor A1 with (red line) or without (blue line) the magnetostrictive rod.
The acceleration by the actuator without magnetostrictive rod (blue) has approximately flat frequency characteristics for constant current input. This result is explained by the characteristics of electromagnetic force which exerts constant force for constant current. In contrast the characteristics of the actuator with magnetostrictive rod (red) show increase in acceleration at high frequencies. This means that magnetostrictive force is effective above 1 kHz. This is explained by the characteristic of magnetostrictive element that produces constant displacement for constant current or flux density resulting in generation of force proportional to the square of frequency. Thus the magnetostrictive element has a significant effect at high frequencies, e.g. approximately 20 dB larger acceleration or force at 20 kHz.
The decrease of the acceleration around 20 kHz is explained by the frequency characteristic of the giant magnetostrictive rod related to diameter of the rod. The larger the diameter of a giant magnetostrictive rod is, the lower the working frequency limit becomes while the larger force is produced. The cutoff frequency is about 10 kHz for the magnetostrictive rod which is used in the actuator. Figure 6 shows the measured electrical impedance of the actuator at the input port of the coil. The impedance increases approximately proportional to the frequency, because of the inductances of the coils to drive the electromagnetic force and magnetostrictive force. When the actuator is driven by a constant voltage source, the driving current should decrease according to the frequency characteristic of the impedance. Thus the acceleration for constant voltage source is expected to be approximately proportional to the frequency at high frequency region in contrast to the characteristic for constant current source shown in Fig.5 . Fig. 6 The measured electrical impedance of the actuator at the input port of the coil.
Effect of motion of mass due to electromagnetic force
In this section, we examine the effect of electromagnetic force to produce the motion of mass in the proposed actuator to understand the mechanism of cooperative characteristics.
Since the displacement of magnetostrictive element is small, it does not excite vibration at low frequencies effectively. We intended to use electromagnetic force in the low frequency region in cooperation with magnetostrictive force in the proposed actuator. It is therefore necessary to excite large displacement of the mass with the electromagnetic force. The elastic rubber is inserted between the iron case and the acrylic plate for this purpose.
We examine here the effect of this structure experimentally.
We measured the acceleration of the iron case with the accelerometer A2 with or without the elastic rubber sheet. The results are shown in Fig.7 . The acceleration of the clamped plate in Fig.5 is also shown again in Fig.7 for comparison (red dotted line) .
The acceleration without rubber (black) increases approximately in proportion to the square of frequency. This characteristic is derived from the effect of magnetostrictive force. The acceleration at low frequencies is as small as noise level. This is explained by the small motion of mass because the displacement of magnetostrictive element is very small.
In contrast the acceleration with rubber sheet (green) is almost constant below 2kHz. This suggests that the electromagnetic force contributes to the acceleration. The elastic property of rubber sheet allows displacement of mass due to electromagnetic force, resulting in significantly larger acceleration. The accelerations with (green) and without (black) rubber sheet crosses around 1 kHz. The acceleration with rubber sheet is rather small at high frequencies because the effect of magnetostrictive force is damped by the rubber sheet. These results show that the rubber sheet is effective in utilizing the electromagnetic force.
It is noted that the acceleration of the clamped plate (red dotted) has the feature of characteristics of both electromagnetic force and magnetostrictive force. That is, the actuator utilizes these forces cooperatively. 
Conclusions
A novel vibration actuator is proposed in this paper. This actuator is driven by electromagnetic force at low frequencies and by magnetostrictive force at high frequencies, cooperatively.
The characteristics of the actuator are investigated experimentally. The result shows that these two kinds of forces contribute cooperatively to excitation of vibration. The prototype of the actuator fabricated here has the characteristics of electromagnetic force prevailing at frequencies below 1 kHz and magnetostrictive force prevailing at above 1 kHz.
The actuator has the advantage of easy installation owing to the magnetic force to stick on the walls made of magnetic materials. This feature is expected to be useful in various applications. This allows flexible location selection of actuators when the actuators are used for vibration control.
